White matter abnormalities are prevalent in neuropsychiatric disorders such as schizophrenia, but it is unclear whether these abnormalities represent a cause or consequence of these disorders. Reduced levels of the myelin protein 2¢-3¢-cyclic nucleotide 3¢-phosphodiesterase (CNP) are associated with the schizophrenic symptom catatonia in both humans and mouse models. In this issue of the JCI, Janova et al. show that reduced CNP levels correlate with catatonia and white matter inflammation in human subjects. Furthermore, they demonstrate that microglial ablation prevents and alleviates catatonic signs in Cnp -/-mice, indicating that microglial-mediated inflammation causes catatonia. Together, this study identifies a cellular mechanism by which subtle myelin abnormalities cause low-grade neuroinflammation and catatonic behavior.
Introduction
Myelin sheaths are lipid-rich membrane extensions generated by oligodendrocytes that wrap around axons. These extensions enable rapid action potential conduction and provide metabolic support to axons (1) . Myelinated axons bundled into white matter tracts provide intracortical and cortico-subcortical connectivity in the CNS. White matter abnormalities are associated with neuropsychiatric disorders, such as schizophrenia, depression, and autism (2) (3) (4) . However, it is unclear whether and how such abnormalities directly contribute to disease-related phenotypes.
Deficits in the oligodendrocytespecific myelin protein 2′-3′-cyclic nucleotide 3′-phosphodiesterase (CNP) in mice and humans provide insight into the contribution of myelin abnormalities to psychiatric disease. CNP is reduced in postmortem brains of schizophrenic subjects (5-7). The CNP SNP rs2070106-AA, which results in lower CNP expression (7) (8) (9) , correlates with a catatonia-depression syndrome in human schizophrenic subjects (10) . Catatonia, a neuropsychiatric symptom often associated with schizophrenia, reflects a temporary impairment of executive function and manifests as episodes of immobility, stupor, or purposeless overactivity. Schizophrenic subjects with the rs2070106-AA genotype also show diffusion tensor imaging indicators of axonal loss/degeneration in the major interhemispheric white matter tract, the corpus callosum (10) .
In mice lacking CNP (Cnp -/-), oligodendrocytes form structurally normal myelin, but have a subtle myelin abnormality that results in axon degeneration and neuroinflammation (11) . Aging Cnp -/-mice eventually develop gross motor deficits due to axon loss and exhibit early mortality (11) . Mice heterozygous for CNP (Cnp +/-) have about a 50% reduction of CNP and exhibit very late-onset neuroinflammation and axon degeneration, but lack gross motor deficits (10) . The low-grade neuroinflammation seen in Cnp -/-and aged Cnp +/-mice is characterized by recruitment of both the innate immune system, involving microglial activation and astrocytosis, and the adaptive immune system, involving T cell infiltration (10) (11) (12) . Aged Cnp +/-mice exhibit several behavioral phenotypes, notably increased depressive and catatonic behavior that is analogous to the catatonia-depression syndrome in schizophrenic patients carrying rs2070106-AA (10). Interestingly, mice heterozygous for another myelin protein, myelin basic protein (MBP), also exhibit neuroinflammation and late-onset catatonia, although neurodegeneration is not observed in these animals (13) . In this issue, Janova and colleagues (14) hypothesized that minor myelin abnormalities cause white matter inflammation and thereby drive catatonic behavior.
Microglia ablation treats myelin-associated catatonia
As reduced levels of CNP are associated with catatonic behavior and neuroinflammation in both mice and humans, Janova et al. asked whether microglial-mediated white matter inflammation underlies catatonia in human subjects and mouse models (14) . Using two independent data sets of schizophrenic human subjects, Janova et al. found that schizophrenic subjects have a high prevalence of catatonic signs and show increased symptom severity with age. Presence of the CNP loss-of-function SNP rs2070106-AA correlated with increased severity of catatonic signs in schizophrenic patients. Furthermore, MRI scans of rs2070106-AA carriers in the general population showed an age-dependent increase in frontotemporal white matter hyperintensities, suggestive of neuroinflammation in these regions. Together, these findings indicate that reduced CNP levels are associated with white matter tract inflammation and catatonic signs in humans.
Janova and colleagues next turned to a mouse model to investigate the underlying cellular mechanism of this myelin-White matter abnormalities are prevalent in neuropsychiatric disorders such as schizophrenia, but it is unclear whether these abnormalities represent a cause or consequence of these disorders. Reduced levels of the myelin protein 2′-3′-cyclic nucleotide 3′-phosphodiesterase (CNP) are associated with the schizophrenic symptom catatonia in both humans and mouse models. In this issue of the JCI, Janova et al. show that reduced CNP levels correlate with catatonia and white matter inflammation in human subjects. Furthermore, they demonstrate that microglial ablation prevents and alleviates catatonic signs in Cnp -/-mice, indicating that microglialmediated inflammation causes catatonia. Together, this study identifies a cellular mechanism by which subtle myelin abnormalities cause low-grade neuroinflammation and catatonic behavior. jci. (13) , yet all of these mice develop catatonia. Impaired axonal health may therefore not be the trigger for microglial activathat microglial depletion prevents the progressive neuroinflammatory phenotype of these mice.
Importantly, microglial ablation was also sufficient to alleviate catatonic behavior in aging Cnp -/-mice already in an advanced state of neuroinflammation and neurodegeneration. Treatment of Cnp -/-mice with PLX5622 at 6 months of age also reduced microglial activation, axonal transport deficits, and astrocytosis in white matter. Finally, Janova et al. found that catatonic signs are a general phenotype of mice with mild myelin abnormalities and low-grade neuroinflammation, as these symptoms were also observed in mice heterozygous for Mbp and mice lacking myelin proteolipid protein (Plp -/y ).
Summary and future directions
By combining human data and mechanistic insight from the mouse, Janova and colleagues have described a cellular mechanism by which subtle myelin abnormalities lead to microglial-mediated inflammation and catatonic behavior (Figure 1 ). This study represents a notable advance, as it bridges the gap between correlation and causation for myelin impairment in a complex neuropsychiatric symptom. In addiassociated catatonia (14) . Young Cnp -/-mice exhibited catatonic behavior in the absence of any gross motor deficits and had signs of both microglial activation and axon transport defects. The authors further investigated whether microglialmediated neuroinflammation causes catatonia in these mice by pharmacologically inhibiting colony-stimulating factor 1 receptor (CSF1R), which results in microglial depletion (15, 16) . Excitingly, pretreatment of Cnp -/-mice with the CSF1R inhibitor PLX5622 prior to onset of catatonic behavior prevented development of this symptom (Figure 1 ). PLX5622 treatment also reduced microgliosis and axon transport defects, with these effects persisting up to 4 weeks after administration. This finding demonstrates a long-lasting antiinflammatory effect of microglial ablation. Janova and colleagues also used magnetic resonance spectroscopy to evaluate levels of the metabolite myo-inositol, a putative indicator of local neuroinflammation and microglial activation. Myo-inositol levels were elevated in white matter of Cnp -/-mice and further increased with age. Prophylactic microglial ablation was also sufficient to prevent elevated myoinositol levels in Cnp -/-mice, suggesting tion, as was previously hypothesized (11). However, it is possible that Mbp +/-and other myelin-mutant mice develop subtle myelin-dependent changes in axonal function that cause microgliosis. Alternatively, the defect in myelin itself may directly trigger microglial activation. It will be important to determine whether microglial ablation can similarly prevent and treat catatonic symptoms in mice with other minor myelin deficits, such as those observed in Mbp +/-and Plp -/y mice, and to use the commonalities between these models to identify the missing link between myelin and neuroinflammation.
The downstream mechanism by which neuroinflammation leads to catatonic behavior is also still unclear. Janova et al. speculate that white matter neuroinflammation may eventually impair synaptic circuit function (14) . This could occur through multiple microglial-driven mechanisms, such as through release of neurotoxic ROS (18) or aberrant reactivation of complement cascade-mediated synaptic pruning (19) (20) (21) (22) . Notably, increased expression of the complement cascade component C4 has been correlated with schizophrenia in humans (22) . Alternatively, signs of increased blood-brain barrier (BBB) permeability have also been correlated with schizophrenic symptoms (23) . It will therefore also be important to investigate whether myelin-associated neuroinflammation compromises BBB integrity.
Interestingly, the Cnp +/-mouse exhibits behavioral abnormalities present in many neuropsychiatric diseases, including enhanced anxiety, depression, and impaired social and exploratory behavior (10) . As white matter changes are associated with a wide range of disorders that affect higher-order processing, including schizophrenia, bipolar disorder, depression, autism, Huntington's disease, and Alzheimer's disease (2-4), future studies should investigate whether this myelinassociated neuroinflammation mecha-
